Introduction
Surface-enhanced Raman scattering (SERS) is an ultrasensitive and label free analytical tool for chemistry, biology, environmental science and life science [1, 2] . To date, the unique SERS characteristic has inspired a large number of efforts to fabricate noble metal nanostructures in order to utilize surface-plasmon-derived electric-field enhancements for the amplification of Raman scattering signals. Nevertheless, the effective, uniform, reproducible, facile and cost-effective fabrication of SERS substrates with a large scale still remains challenging [3] .
Due to the long-range order and facile controllability techniques, porous AAO was commonly used as a template for the fabrication of large-scale plasmonic devices or SERS substrates [4] [5] [6] . A layer of opaque Al below the layer of AAO may cause enhanced reflectance of the excitation light, thereby resulting in an enhanced SERS signals [7] . Herein, we report the fabrication of an efficient SERS-active substrate, in which three-dimensional gold nanoparticles (Au NPs) arrays was deposited on the surface of porous AAO. By controlling the reaction time, the optimal substrate was obtained, which exhibits excellent SERS performance. Thus, this 3D nanostructured SERS substrate shows a very promising and practical solution to the ultratrace detection of analytes. In addition, it can be scaled up for high-throughput production with low cost and large scale.
Experimental
Preparation of the SERS substrate. The porous AAO template was fabricated through the well-known two-step anodization process. In brief, organic cleaning and electropolishing were taken to the aluminum foil (99.999% in purity) prior to the anodization process. Electropolishing was performed in a mixture consisting of 1/4 HClO 4 and 3/4 C 2 H 5 OH for 5min at 10 ºC and 15 V. The first anodization was carried out in 0.3 M (COOH) 2 solution for 4 hours at 3 ºC and 40 V. Then, the oxide layer was dissolved in a mixture of 6 wt% H 3 PO 4 and 1.8 wt% H 2 CrO 4 at 60 ºC. The second anodization lasted for 2 min with the same anodizing parameters, and the pore-widening process was carried out for 150 s in 5 wt% H 3 PO 4 solution at 60 ºC. After that, the AAO was thoroughly rinsed with DI water and dried in air. The deposition of Au NPs was carried out in a Kejing GSL-1100X-SPC16C sputtering evaporator with sputtering current of 3 mA.
Characterization and Raman spectroscopy measurements. The morphologies of as-prepared samples were characterized by Nova NanoSEM 450 scanning electron microscopy (SEM). For Raman scattering measurements, 50 µL Rhodamine 6G (R6G) aqueous solutions of different concentrations were dripped upon the substrates and then dried in dark. Raman measurements were performed using LabRAM HR800 spectrometer. An Nd-YAG laser (λ= 532 nm) with power of 5 mW served as the excitation source. The integration time was 15 s for each spectrum. All the measurements were carried out at room temperature.
Results and discussion SERS performance of different substrates. The SERS performance of the as-prepared substrate was evaluated by using R6G as probe molecule. Fig. 1 displays the SERS spectra of 10 −6 M R6G treated substrates, which were prepared under different sputtering times. Obviously, all spectra show no distinct difference except for the SERS signal intensity. The Raman bands at 616, 776 and 1189 cm -1 can be ascribed to the C-C-C ring in-plane vibration mode, the C-H out-of-plane bend mode, and the C-H in-plane bending mode of R6G molecule, respectively [6, 8] . While the band at 1365, 1512, and 1653 cm -1 should origin from the in-plane C-C stretching modes of R6G. It's noticed that the SERS signal intensity firstly increases with the increase of sputtering time and reaches a maximal value for 75 s, then decreases as further prolonging of the sputtering time. The reason can be explained by the fact that plenty of active gaps appeared with the increase of deposition time, which provides more 'hot spots' to amplify the local electromagnetic fields and the Raman signal [3] . SEM characterization of the substrate. Fig. 2 shows the SEM images of the substrate with sputtering time of 75 s. It can be observed that highly ordered AAO template was obtained. As can be seen from the high-resolution SEM images (Fig. 2b and Fig. 2c) , the average diameter and the pore depth is 90 nm and 100 nm, respectively. Meanwhile, most of the Au particles are roughly rounded with a diameter ranging from 5 nm to 15 nm. The porous structure of AAO holds some Au particles on the lateral wall, while most are at the bottom of the holes and on the top of the wall. The Au NPs on the lateral wall would increase the total absorption of the excitation through the cavities and the efficiency of the Raman signal radiation. For substrate prepared with a 45 s sputtering time, the SERS signal intensity is the lowest. That may be due to the fact that only sparse Au NPs were decorated on the surface of the AAO. However, if the sputtering time is longer than 75 s, the aggregation occurred and gaps were gradually disappeared which causes the decrease of
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Applied Material Science and Related Technologies potential 'hot spots'. Additionally, the Raman spectrum of 10 −6 M R6G treated bare AAO template was measured, the result showed no obvious Raman signals of R6G under our experimental conditions. Reproducibility of SERS signals over the substrate. The reproducibility of Raman signals from SERS substrate is of great importance for the practical use. To test whether the as-obtained substrate is able to give reproducible SERS signals of the target molecules, we collected SERS spectra of R6G molecules with a concentration of 10 −6 M from 8 randomly selected acquisition points on the substrate prepared with a 75 s sputtering time. As shown in Fig. 3a , the SERS spectra show approximate intensities and identical shapes, indicating that the substrate provides excellent reproducibility throughout the entire substrate surface. In addition, the relative standard deviation (RSD) value of SERS intensity at 616 cm -1 was calculated to be about 12%. SERS sensitivity of the substrate. Fig. 3b displays the SERS spectra obtained from different concentrations of R6G adsorbed on the substrate. The spectral intensity decreases with diluting the concentrations of R6G, and Raman peak of R6G still can be identified clearly even at a concentration as low as 10 -12 M. In this study, the intensity at the peak of 1653 cm -1 was chosen to estimate the enhancement factor (EF) of our substrate using the method described in previous report [9] . Here, the EF is calculated to be about 1.2×10 8 . That may be lower than the enhancement factor previously observed for R6G molecules on other substrates. However, previous reports have shown that an enhancement factor on the order of 10 7 -10 8 is sufficient for the detection of a single molecule [10] . Therefore, this SERS substrate shows a very promising and practical solution to the ultratrace detection of analytes.
Summary
We have demonstrated a facile and efficient way to fabricate sensitive substrates for surface-enhanced Raman scattering via sputtering Au NPs on the surface of porous AAO. By controlling the depositing time, the optimal substrate was obtained, which has an EF value of 1.2×10 8 and could reduce the detection limit of R6G to 10 -12 M. Moreover, it exhibits excellent reproducibility and the relative standard deviation value of SERS intensity at 616 cm -1 is about 12%. Due to their excellent SERS performances, we believe that this SERS substrate is likely to be employed to detect the ultratrace analytes. In addition, it can be scaled up for high-throughput production with low cost and large scale.
